1.. Introduction {#S1}
================

Compared with medical imaging modalities such as X-rays, computed tomography (CT), positron emission tomography (PET) and magnetic resonance imaging (MRI), the optical imaging modality is specialized in diagnosis in the field of ophthalmology owing to its limited penetration depth and scattering effects \[[@ref001], [@ref002], [@ref003], [@ref004]\]. In optical imaging, light sources are used to obtain information regarding the ocular tissues of the human eyes, including damage to the optic nerve fiber and optic disc in the eye \[[@ref002], [@ref003], [@ref005]\]. Being a coherent and non-divergent light source, laser technology is the gold standard in ophthalmology \[[@ref005], [@ref006], [@ref007]\]. Compared with lasers, light-emitting diodes (LEDs) are non-coherent and divergent; thus, specialized optical systems are needed when LED sources are used for steering the light and focusing it on the target \[[@ref008], [@ref009], [@ref010]\].

If the disease region is spread across a large area extending beyond the eye and the facial region, physicians must maneuver the imaging probes at different positions within and outside the eyes, and the acquired images must be processed to show the entire region because typical optical systems used for ophthalmology applications, such as optical coherent tomography and slit-lamp bio-microscopy systems, have a limited field of view (FOV) \[[@ref011]\]. Compared with lasers, LEDs are relatively compact light sources, allowing designed optical system to be handled by users with more ease in diagnosis. Therefore, we developed ultrawide-angle optical systems for ophthalmology and dermatology applications, as illustrated in Fig. [1](#thc-27-thc199013-g001){ref-type="fig"}.

Figure 1.Conceptual block diagram of the designed ultrawide-angle optical system for ophthalmology and dermatology applications: (a) focused in the eye, (b) unfocused to cover a wide area, and (c) focused outside the eye.

In Fig. [1](#thc-27-thc199013-g001){ref-type="fig"}a, the designed optical system supports focusing of LED within the eye. Therefore, a similar configuration can be employed for both optical coherent tomography and slit-lamp bio-microscopy systems. Figure [1](#thc-27-thc199013-g001){ref-type="fig"}b shows that the designed optical system is able to increase the FOV to facial areas beyond the eye. As illustrated in Fig. [1](#thc-27-thc199013-g001){ref-type="fig"}c, the designed optical system can allow focusing of LED light to beyond the eyes by moving the LED light source mechanically or electronically. This can be helpful if the facial areas outside the eye need to be diagnosed by a physician. Therefore, our designed optical system supports imaging across a wide FOV, as depicted in Fig. [1](#thc-27-thc199013-g001){ref-type="fig"}.

The near-infrared and visible light for ophthalmology and dermatology applications are typically in the wavelength range of 400 to 700 nm, as light of these wavelengths is readily absorbed by eye and skin tissues \[[@ref012], [@ref013]\]. The wavelength range used is typically determined according to the type of tissue, such as melanin, oxyhemoglobin, or de-oxyhemoglobin to reveal fundamental information regarding diseases related to the eye and facial skin \[[@ref014], [@ref015]\]. Similar to lasers, LEDs must effectively generate light signals with adequate amplitudes, but there are energy and power limitations for avoiding damage to human tissues for each wavelength, as defined by ANSI standards \[[@ref016]\]. Additionally, the high optical aberrations and low spatial resolutions caused by LED light sources during the use of optical systems may deteriorate the signal quality of the information received from human tissues \[[@ref017], [@ref018], [@ref019], [@ref020]\]. Therefore, any ultrawide-angle optical system with LED light sources must be properly designed for ophthalmology and dermatology applications in order to generate proper illumination with adequate power. The detailed architectures and design methods of the optical system are described in Section 2. The performance data for the developed optical system are presented in Section 3. Section 4 concludes the paper.

2.. Paraxial design {#S2}
===================

To design an optical system that satisfies the given specifications, each group in the system should be assumed as a thin lens, to determine its focal length. Subsequently, it should be converted into a thick-lens system. This is a paraxial design method that requires considerable time and many iterations of trial and error to satisfy the given specifications \[[@ref020]\]. In this respect, several fundamental optical systems have been published recently, which can be applied to jump start the fundamental paraxial design. Figure [2](#thc-27-thc199013-g002){ref-type="fig"} shows the lens layout for Example 1 of patent JP2016-012034 with infinite objectives \[[@ref021]\]. In this optical system, two lens groups are moved while focusing \[[@ref022]\].

Figure 2.Optical layout for JP2016-012034, Example 1.

Figure 3.Optical layout for KR2014-0124286, Example 2.

Figure 4.Lens layout of the composited optical system: FFL, BFL, and EFL (a) before correction and (b) after correction.

Figure [3](#thc-27-thc199013-g003){ref-type="fig"} shows the lens layout for Example 1 of patent KR2014-124286 with infinite objectives \[[@ref023]\]. For this optical system, only one lens within the optical system is moved, and the system length is not changed during focusing \[[@ref024]\]. As shown in Fig. [2](#thc-27-thc199013-g002){ref-type="fig"}, Group 1 is fixed during focusing, but Groups 2 and 3 are moved towards the object. Although the optical system in Fig. [2](#thc-27-thc199013-g002){ref-type="fig"} has the same FOV and f-number (F/\#) as the optical system that we are attempting to design in this study, it cannot be used for a compact system for ophthalmology and dermatology applications, as described in the Introduction section.

Figure [3](#thc-27-thc199013-g003){ref-type="fig"}, on the other hand, shows an optical system whose overall size is scaled up to match the size of the image sensor of the system in Fig. [2](#thc-27-thc199013-g002){ref-type="fig"}. While the optical system in Fig. [3](#thc-27-thc199013-g003){ref-type="fig"} is a compact system using one piece of lens, similar to the system that we aim to design, it has a different FOV than the system that we aim to design. Comparing the two systems in Figs [2](#thc-27-thc199013-g002){ref-type="fig"} and [3](#thc-27-thc199013-g003){ref-type="fig"} reveals that the effective focal length (EFL) of Groups 2 and 3 in Fig. [2](#thc-27-thc199013-g002){ref-type="fig"} is almost the same as that of the lens group composed of surface group in Fig. [3](#thc-27-thc199013-g003){ref-type="fig"}. This suggests that the lens group of surface in Fig. [3](#thc-27-thc199013-g003){ref-type="fig"} can be used in place of Groups 2 and 3 in Fig. [2](#thc-27-thc199013-g002){ref-type="fig"}. Obviously, the focal length of the lens group with the surface in Fig. [3](#thc-27-thc199013-g003){ref-type="fig"} should be scaled down to 43.503 mm because the overall focal length of the optical system must remain unchanged. Furthermore, the distance between the 2$^{\text{nd}}$ principle point of Group 1 in Fig. [2](#thc-27-thc199013-g002){ref-type="fig"} and the 1$^{\text{st}}$ principle plane to be replaced must be the same. To achieve this, the gap between the 11$^{\text{th}}$ surface and the 12$^{\text{th}}$ surface in Fig. [2](#thc-27-thc199013-g002){ref-type="fig"} should be properly adjusted. The result of compositing the two optical systems in this way is shown in Fig. [4](#thc-27-thc199013-g004){ref-type="fig"}a.

The advantages of our proposed design are as follow. In conventional optical systems like patent JP2016-012034, two or more lens groups move at the time of focusing. However, only one lens is moved in our optical system. Furthermore, it is also possible to implement a wider FOV than the optical system of patent KR2014-0124286.

Here, even if the optical system shown in Fig. [4](#thc-27-thc199013-g004){ref-type="fig"}a is a compact system for ophthalmology and dermatology applications, its back focal length (BFL) is too short, and there is a large distance between the 11$^{\text{th}}$ surface and the next surface. Decreasing the distance between the 11$^{\text{th}}$ surface and the following surface of the optical system changes the EFL. The EFL, front focal length (FFL), and BFL are expressed by the following equations via the Gaussian-bracket method \[[@ref025], [@ref026]\].

$$\left\lbrack {- k_{1}},\frac{d_{1}}{n_{1}},{- k_{2}},\frac{d_{2}}{n_{2}},\cdots,{- k_{n - 1}},\frac{d_{n - 1}}{n_{n - 1}},{- k_{n}} \right\rbrack = \text{𝐸𝐹𝐿}$$$$\left\lbrack {- k_{1}},\frac{d_{1}}{n_{1}},{- k_{2}},\frac{d_{2}}{n_{2}},\cdots,{- k_{n - 1}},\frac{d_{n - 1}}{n_{n - 1}} \right\rbrack = \text{𝐵𝐹𝐿}$$$$\left\lbrack \frac{d_{1}}{n_{1}},{- k_{2}},\frac{d_{2}}{n_{2}},\cdots,{- k_{n - 1}},\frac{d_{n - 1}}{n_{n - 1}},{- k_{n}} \right\rbrack = \text{𝐹𝐹𝐿}$$

Here, $k$ is the refracting power at the lens surface, $d$ is the distance between the front and back sides of the lens, $n$ is the refractive index, and the subscripts refer to number of each surface in the system.

To obtain the desirable EFL, BFL, and FFL using Eqs ([1](#S2.E1))--([3](#S2.E3)), three variables should be adjusted. For example, the curvatures of three surfaces and distances or thicknesses of three surfaces, curvatures of two surfaces and distance or thickness of one surface, and curvature of one surface and distances or thicknesses of two surfaces can be changed to obtain a desirable EFL, BFL, and FFL, respectively. We changed the curvature of surfaces No. 3, 12, and 26 to obtain an EFL of 24.6 mm and an FFL of 20.2 mm, which increased the distance between surface No. 26 and the image surface to 8 mm. The lens layout of the resulting optical system is shown in Fig. [1](#thc-27-thc199013-g001){ref-type="fig"}b. The curvature, thickness, and material of the system shown in Fig. [1](#thc-27-thc199013-g001){ref-type="fig"}a and b are presented in Fig. [2](#thc-27-thc199013-g002){ref-type="fig"}.

The system in Fig. [4](#thc-27-thc199013-g004){ref-type="fig"}a is a composite optical system of Group 1 (from surface No. 1 to surface No. 11) in Fig. [2](#thc-27-thc199013-g002){ref-type="fig"} and Groups 2 and 3 in Fig. [3](#thc-27-thc199013-g003){ref-type="fig"}. Figure [4](#thc-27-thc199013-g004){ref-type="fig"}b shows an optical system with the same EFL and FFL and a BFL 8 mm greater than that for Fig. [4](#thc-27-thc199013-g004){ref-type="fig"}a, obtained using Eqs ([1](#S2.E1))--([3](#S2.E3)).

Figure 5.Optical data for the composite optical system obtained (a) before and (b) after correcting the FFL, BFL, and EFL.

Figure 6.Spot diagram of the composited optical system: (a) FFL, BFL, and EFL (a) before and (b) after correction.

Figure [5](#thc-27-thc199013-g005){ref-type="fig"} shows the obtained optical data of the composite optical system obtained before and after correcting the FFL, BFL, and EFL specifications. A total of three aspheric lenses were used in the design: 1 piece of lens for No. 10 and 1 piece for each No. 2 and No. 14. A total of 14 lens pieces, including two pieces of extra-low dispersion were employed. The aspheric lenses were used to correct the spherical aberration during the basic design process and were used at the object and image plane, where the maximum height of the chief ray was achieved within the optical system to correct the residual aberration, such as coma aberration and lateral color.

Figure 7.Light-intensity (left) and distribution (right) profiles for (a) red, (b) green, and (c) blue LEDs.

3.. Results and discussion {#S3}
==========================

Figure [6](#thc-27-thc199013-g006){ref-type="fig"} presents graphs showing spot diagrams for two composite optical systems before and after correction of the FFL, BFL, and EFL specifications. The spot sizes are apparently smaller after the correction of the FFL, BFL, and EFL. Although a small amount of coma aberration remains, there are no significant problems, because the purpose of using the optical system is to provide the desired illumination to the sample.

This designed optical system can focus from infinity to a magnification of $-$0.19 times. In this case, the object distance at a magnification of $-$0.19 times is approximately 114.359 mm from the first surface of the optical system to the object. The object distance at this time is the shortest photographing distance. Therefore, the object was placed at the minimum object distance, the LED was placed at the image plane, and the intensity distribution of the light on the object plane was calculated. The moving distance of the auto-focus (AF) lens from infinity to the minimum object distance is approximately 4.984 mm. Figure [7](#thc-27-thc199013-g007){ref-type="fig"} presents graphs showing light-intensity distribution profiles for red, green, and blue LEDs. The intensity and distribution profiles are obtained for focus and unfocused conditions in the designed target.

The peak wavelengths of the red, green, and blue LEDs (CBT120, Luminus Devices, Sunnyvale, CA, USA) of our designed optical system are 625 nm, 530 nm, and 459 nm, respectively. The full width at half maximum (FWHM) values of the red, green, and blue LEDs were obtained as 16 mm, 35 mm, and 22 mm, respectively. The acquired powers of the red, green, and blue LEDs were 0.29 W, 0.36 W, and 0.60 W, respectively as the efficiency of LEDs depends on the emitted wavelength. The summarized results are provided in Table [1](#T1){ref-type="table"}.

Table 1Summarized results of the designed optical systemLEDRedGreenBlueFWHM (mm)163522Power (W)0.290.360.60

4.. Conclusion {#S4}
==============

We designed a new ultrawide-angle optical system for ophthalmology and dermatology applications to cover areas of the eye and facial areas near the eye, as conventional optical systems such as optical coherent tomography and slit-lamp bio-microscopy systems have a limited FOV. To achieve a compact and convenient optical system for physicians in related fields, LED lights are used as transmit sources. However, LEDs are non-coherent and divergent transmit sources, and optical systems must be able to steer and focus the light on the desired target positions. Therefore, our designed ultrawide-angle optical systems using LED light sources must cover near-infrared and visible wavelengths between 400 and 700 nm while satisfying the several requirements of the EFL, BFL, and FFL.

To achieve a compact and convenient optical system for such applications, a contrast AF method was used, and weight reduction of the AF group must be considered during the design process to realize a high AF speed. For this reason, we designed a new optical system. Two optical systems that partially satisfy the design specification were composited for an initial design. Then, the Gaussian-bracket method was used to adjust curvatures and the distance between lenses so that the EFL, BFL, and FFL satisfied the desired design goal. The final design of the optical system yielded satisfactory performances.

It was confirmed that the width of the intensity distribution can be easily adjusted according to the movement of the AF lens in our designed optical system. The designed optical system can focus from infinity to a magnification of $-$0.19 times, which represents a distance of 114.359 mm from the first surface of the optical system to the object. Additionally, the moving distance of the AF lens from infinity to the minimum distance is approximately 4.984 mm.

The FWHM values of the red, green, and blue LEDs were 16 mm, 35 mm, and 22 mm, respectively. The acquired peak powers of the red, green, and blue LEDs were 0.29 W, 0.36 W, and 0.6 W, respectively when 625 nm, 530 nm, and 459 nm peak wavelengths of the LEDs were used. This design of high illumination intensity is expected to satisfy the demand for interchangeable lens products in compact optical systems that are suitable for use in high-performance ophthalmology and dermatology instruments.

In this study, although we have designed a compact and convenient ultrawide-angle optical system with reduced weight for ophthalmology and dermatology applications, and we expect that a similar method can be applied to various wide-angle optical systems.
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